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ABSTRACT 
A survey of previous work on cloud droplet electrification was carried 
out. A cloud chamber was constructed and used to. generate droplets of radius 
i n the range 1-3 vim. The size and the charge of individual droplets were 
determined. Positive and negative droplets were observed. The average 
charge on the droplets was found to be about 5e. Also a photographic method 
was t r i e d and discussed to determine the charge on the droplets. 
Definition of the Symbols used i n Chapter (1) sectioh (5) 
Ac Altocumulus 
As Altostratus 
Ac cast. Ac castellanus 
Ac.lent. Ac lenticularis 
Cb Cumulonimbus 
Cc Cirrocumulus 
Ci Cirrus 
Cs Cirrostratus 
Cu- Cumulus 
Cu f f . Cu fractus 
Ns Nimbostratus 
Sc Stratocumulus 
Sc cuf. Sc cumuliformis 
Sc vesp. Sc Vesperalis 
St Stratus 
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C H A P T E R 
CLOUDS 
1.1 Introduction 
Water vapour plays a very special role i n atmospheric phenomena. Where-
as nitrogen, oxygen and the inert gases are present i n the atmosphere i n 
constant proportions, the water vapour content i s subject .to very wide vari-
ations. Further, water vapour can.pass into the liquid or solid phase and 
can interact with land and sea surfaces, which evaporate moisture and re-
cover moisture i n the form of precipitation. At the tenperatures prevail-
ing i n the atmosphere, water may exist i n a l l three states. Further, water 
vapour i s capable of saturating space. A l l this produces a continuous 
circulation of water i n the atmosphere. The water vapour evaporated from 
the surface of seas and humid land i s dispersed i n the atmosphere through 
turbulence and by ascending horizontal a i r currents. 
I t was mentioned above that one of the links i n the hydrologic cycle 
..is the condensation of vapour and formation of cloud.. However, the defin-
i t i o n of cloud as the product of vapour condensation needs to.be anplified. 
S t r i c t l y speaking, the primary products of condensation are.cloud elements, 
or moisture droplets. These elementary droplets undergo continuous trans-
formation - they form, grow, evaporate, vanish; their size and number vary, 
they collide, fuse, freeze and crystallize. The concept "cloud" embraces 
a set of drpplets and crystals i n a continuous state of evolution. The 
properties of this set also depend on the velocity of the air vrtiich carries 
i t and on the teiiperature and.humidity changes taking place inside i t . 
Tenperature variations i n a cloud i n turn depend on the lit^ration or absorpt-
ion of latent heat and on the onission of heat by cloud particles, i.e. or 
processes that are. themselves capable of assisting the developnent of 
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vertical motions i n a cloud. A' cloud is the manifestation of a corrplex 
thermodynamics process. 
1.2 ForTTiation of clouds 
Clouds form i n the free atmosphere almost entirely as a result of the 
expansion and consequent cooling of ascending a i r . The process may be 
studied i n i t s sinplest form by considering the history of a parcel of a i r 
which i s l i f t e d adiaba€ically, although matters are often conplicated by the 
fall-out of precipitation, and by mixing between air-parcels of different 
properties. I t follows from the conservation of e n e i ^ that.in such a 
parcel of cloud-free a i r , the tenperature decreases, as the parcel rises^ 
at nearly 10 deg:km""^ . At the same time, the partial pressure of water-
vsgjour i n the a i r i s reduced, i n proportion to the .total pressure,, so that 
the dew-point of the a i r also f a l l s although, much more-slowly than the 
tenperature, about 2 deg km'^  depending on the tenperature and pressure. 
I f the l i f t i n g continues far enough the tenperature w i l l evoitually reach-
the dew-point and then condensation w i l l begin. From this point on, the-
situation i s more conplex, since condensation releases a. large amount of 
latent heat. In tropical a i r , which i s rich i n condensable water-vapour, 
the subsequent rate of cooling, as the saturated or wet adiabatic lapse-
rate, i s only about one half of the dry 'adiabatic l^se-rate. In polar 
regions, or i n the upper parts of the troposphere, there is l i t t l e d i f f e r -
ence between the two latpse-rates. The prevailing lapse-rate determine the 
s t a b i l i t y of the atnrasphere. 
1.3 The classification of clouds 
In the recent years several attaipts have been made at creating a 
genetic classification of clouds based on an analysis of the processes of 
- 3 -
formation. BERGERON (1934) suggested dividing clouds into three classes: 
proper cumuliform, wave and proper stratiform. He advanced this as a 
morphological classification, although essentially i t should have reflected 
the physical processes of cloud genesis. This idea has retained i t s value 
to the present day. Further, BERGERON suggested a genetico-physical class-
i f i c a t i o n , for use in conjunction with the' preceding one, based on the 
microstructure of clouds and on the presence of precipitation such as ice 
needles, snow powder, stable fog, drizzle and rain. KRICHAK (1952) suggest-
ed a new genetic classification conprising the following types:-
1 - Clouds of regular ascent ^ C i , Cs, As, Ns, Ac, Sc^; 
2 - Clouds of nonadiabatic cooling Qfog, St, Sc, Ac, As^; 
3 - Clouds of thermal convection ^Cu, Cb, Ac Cast., Cc^I; 
4 - Clouds of dynamic convection QCu, Cb, St, Sc, Cu f r . , Cc^]; 
5 - Sheet clouds and bunpy clouds (clouds of vertical development) [^ Ac 
. lent., Sc cuf., Sc vesp., Ac, Cc]].. 
The sinp l i f i e d classification of clouds is the morphological classif-
ication. I t is a foundation of modem cloud atlases. I t s major features 
are apparently here to stay. I t is a good working tool for a l l synoptic 
meterologists and cloud physicists and is used i n the International Cloud 
Atlas (1957). The problem of a morphological classification has a f a i r l y 
long history. The f i r s t classification, given by LUKE HOWARD in (l803), 
distinguished three main• "modification" of clouds - cirrus, cumulus and 
stratus - and a fourth, conplex one, combining the f i r s t three and called 
by him "rain" clouds. Later KUDEBRANDSSON (I887) and ABERCROMBIE suggested 
a classification conposed of ten main forms. This classification closely 
resembles the one in.use today. 
The present morphological classification is today of very great value 
both for practical synoptic work and aviation and for research. I t is used 
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by a l l meteorological stations the world over; and. enables the collection 
of fast and uniform, observationa;! data. At the same time i t provides, a-
f a i r l y clears, though' inconplete, view of the processes taking place i n the 
atmosj^ere'.and of the atmosphere's s t a b i l i t y and movement. The same physi-
cal processes actirig at. different altitudes i n the atmosphere w i l l give rise 
, to scanevtfiat different cloud forms. The size, density and general form of 
the clouds w i l l depend on the decrease i n specific humidity and on the 
tenperature lapse. For this reason i n meteorological observations i t is 
customary to divide clouds- into three levels: usually the high level i n - • 
eludes clouds lying-^bye an altitude of 6 km, the middle level clouds with 
a base between 2 and 6 km and the'lovr level clouds with a base below 2km. 
This division into levels i s , however, to a sigi i f i c a n t extent arbitrary. 
A given cloud form may occur at very different altitudes. Thus, ordinary 
cumulus clouds may be formed both near the ground and at .altitudes up to 
6-6.5 kriij -cirrus, oh.the other handj v*iich i s typical of high altitudes, may 
dr*dp nearly to ground level in-cold climates. In mountains the assignment 
of clouds to given levels i s even more arbitrarjf. . 
High clouds include the following; 
1. Cirrus clouds ^ G i ^ ] : These are white,, wispy ci'ouds, generally 
very thin-and transparent, sometimes thickening i n places i n irregular 
masses or t u f t s . Usually they are so transparent that.the sky shows through-
themj and' the sun.or moon shine so b r i s t l y that- objects throw shadows. 
Cirrus clouds may consist of individual.strands Qci filosus^], sometimes, 
very tangled [^Ci i r t t o r t u s ^ and sometimes with thickened-ends, bending, up-
ward ["clawlikB, Ci uncinus^. The lat t e r may indicate, the bands, of Ci are 
extending from-small denser clouds arranged i n rows, or, on the contrary, 
that small denser masses form above places vftiere condoisation. is taking place 
and snowflaJfes are f a l l i n g . Occasionally the dense, masses, of cirrus 
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represent the residue of anvil clouds, either retaining this shape [^Ci 
incus - genitus^ or dispersed Q dense cirrus, Ci spissatus^-
2. Cirrocumulus clouds C^ D^ • ^® semi-transparent cirrus 
Clouds occasionally assume the shape of ripples, scales, or regular rows of 
very fine undulating cloud flakes, and are then called Cc. Frequently one 
section of a Ci Is^er may have an undulating structure while another section 
does noti Certain Cc clouds may be shaped l i k e irregularly dispersed shreds 
[^ Cc f l o c u s ^ . Sometimes the entire mass of Cc cloud assumes the shape of-
large lenses extending across the sky [jic l e n t i c u l a r i s ^ . . 
Cirrocumulus actually also includes the condensation t r a i l s that are 
often formed i n the upper layers of the atmosphere 7-13 km behind upper 
layers. 
3. Cirrostratus clouds Qcs] : are thin and f a i r l y uniform white or 
bluish cloud f i l m which may produce a somewhat undulating pattern [^thread-
l i t e , Cs filosus]]] or may form a uniform v e i l ^ f o g l i k e , Cs nebulosus^. 
Cirrostratus clouds may display marked optical phenomena: halo around the 
sun, radius 22 to 46°, horizontal circle passing through the sun, false sun 
and moon and other less frequent phenomena. 
Cirrus cloud forms s t i l l remain the least studied i n aerology. Since 
the upper troposphere probably has a f a i r l y wide variety of physical 
processes of cloud formation such as, convection, turbulence, wave motion, 
a careful study of cloud forms would be of great value. 
The middle clouds usually from 2 to 6 km coirprise altostratus and alto-
cumulus clouds. 
1. Altostratus clouds [^As]]: are grayish or s l i g j i t l y bluish f i l m , 
sometimes sli g h t l y fibrous or wavelike, covering the entire sky. They may 
be so transluscent that the sun and moon shirie through as li g h t spots 
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"translucait. As translucidus]J . In other cases-they may-be f a i r l y dense 
{^opaque. As opacus^ arid the celestial bodies are hidden, Both form may 
be. precipitating, for exanple with snow reaching the-ground i n winter. 
Brightly coloured coronas around suri and moon may be seen i n thin As. 
2. Altocumulus clouds [^Ac^: These are-light-coloured ripples, r o l l s , 
small puffs or flakes between which the blue sky i s nearly always seen, 
Occasionally they fuse i n a continuous mantle, conparatively thin ^opaque, 
Ac opacus^, as d i s t i n i c t from the translucent variety ^Ac translucidus^. 
Fairly often they are shaped l i k e lenses or cigars with a smooth outline 
[^ Ac l e r i t i c u l a r i s ^ 0 Certain subclasses of . Ac bear the mark of the convect-
ion that tsices place inside them. Such are the Ac castellatus, similar to 
small Cb storm clouds, or Ac floccus, similar to small dissolving Cu cong. 
Ac .may produce precipitation which is seen as band or t a i l s reaching the 
ground [^ Ac v i r g a ^ - Ac clouds form a conparatively thin layer and the sun-
may shine through i t s edges. Bright.rainbow colours are often seen on the 
thin margins of Ac. '• 
Low clouds include the following: 
1, Stratocumulus clouds [^Sc^: are very similar to. altocumulus a l -
though, lying at a much .lower level, usually at altitudes of up to 2 km. 
They are shaped.like large waves or ridges or even large plates. In the 
gaps between them the cloud cover is thinner and the sun or moon may shine 
through [[Sc translucidus], but blue sky i s rarely seen.. More frequent are 
the opaque stratocumulus QSc opacus], A class of-cumuliform stratocumulus 
[[Sc cumuliformis^] associated with processes of ordinary, convection i n the 
atmosphere may be distinguished. Of these the.Sc castellatus connote a 
process similar to the formation of downpour clouds. The daytime QSc 
di u r n a l i s ] and evening Qsc vesper'alis^ stratocumulus clouds are the 
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product of the dissolution of cumulus clouds, either under an inversion or 
i n the evening v*ien cumulus clouds settle and disperse. The Sc, as well as 
Ac and Cc, clouds are the results of:a combination of undulatory motions and 
the appearance of the so-called cellular circulation of-the atmosphere. 
2. Stratus clouds Qst^ : Form a low grey f i l m , sometimes nearly 
uniform and sometimes very tattered i n the lowermost part with irregular 
pieces hanging down. Seen from below their shape reflects the turbulent . 
process which gave rise to them and irregular a i r motions of different sizes. 
In addition to the ordinary fog-like stratus clouds Qst nebulosus^, certain 
St clouds sometimes show an- undulating pattern ^St undulatus^ • Stratus 
clouds are usually opaque, though a l l stages of St, from scattered fragments 
Qst fractus3 to a dense layer may be observed. A special and very inter-
esting subclass is the fractonimbus, which form a tattered cover under 
clouds with heavy or prolonged precipitation [||Ns,As,Cb^ . 
The t h i r d form of low cloud, Ns, are similar i n external appearance to 
stratus clouds. 
3o Nimbostratus clouds QNS^: are solid grey, or yellow-grey v e i l , 
nonuniform and i n places even seemingly translucent. They are generally 
much thicker than St, though,an observer looking at them from below would 
not always be able to evaluate their thickness. Ns clouds give prolonged 
precipitation and are nearly always associated with fronts. The large zones 
of Ns-As are therefore easily distinguishable from St zones on synoptic 
maps, l i i t h e i r interior Ns clouds are high nonuniform and include fsdrly 
large l i g h t patches and even cloudless horizontal layers. Under Ns clouds 
are frequently seen the tattered fractoniiribus clouds. Ns masses sometimes 
contain isolated Cb clouds. Such clouds produce torrential heavy and short 
lived rain. On the edges of cyclones, nascent and dying Ns clouds are thin 
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1-2 km and nonprecipitating. 
Clouds of vertical development conprise the following: 
1. Cumulus clouds [^Cu]^: these are separate dense white clouds con-
sisting of puffs or caps with a f l a t and darker base. Th^ are always 
separated by gaps. There are various transitional stages, from nascent 
QCu f r a c t u s ^ , low "[^ Cu humilis]]], middle QCu mediocris^ to thick QCu 
congestus^ cumulus, whose suninit occasionally reaches 6-7 km. The shape 
of these clouds makes i t possible to recognise the presence of ascending 
flows, large-scale turbulence and variation i n wind velocity at different 
altitudes, due to which the cloud tops may be bent i n one direction. 
2. Cumulonimbus clouds [^Cb]^: these are seen i n last stage of 
development of cumulus, sometimes reaching altitudes of 20.5 km i n tropical 
zones. They are characterized by scattering of the topmost layer of a cloud 
vMch loses i t s puffy shape and. changes into a horizontal mass of cirrus 
cloud'. Bald comulonimbus clouds Qcb calvus]^ which are scattering but have 
not yet assumed a fibrous cap should not be confused with the "hairy" 
cumulonimbus QCb capillatus]]] which have. The l a t t e r often assume the 
shape of an anvil [jOb incus^. The cumulonimbus are sometimes referred to 
as a "cloud factory" because, aside from cirrus cloud, upon dissqlving into 
lower levels they give rise to layers of altostratus, t j ^ i c a l of tropical 
zones, and altocumulus. They are often acconpanied by lenslike clouds, 
various classes of stratocumulus, and so on. 
There are several cloud groups which do: not f i t into the morphological 
scheme including for exanple. Mother-of-pearl clouds and Noctilucent clouds. 
ftother-of-pearl clouds 
Mother-of-pearl clouds show their iridescent colours more clearly than 
ordinary wave clouds when they are illuminated by the setting sun after i t 
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has ceased to. shine ori the troposphere. The surrounding sky is dark and the 
sun i t s e l f does not dazzle the observer. They may occur most conmonly in 
north-westerly a i r currents v*iich extend up to 20 km or more. Parts of them 
show the bright iridescent colours which give them their name. These parts 
have well-defined edges. They are acconpanied usually by diffuse veils or 
t r a i l s which appear to stream from the lee edges of the coloured, sharply 
defined, clouds. They are observed to be at heights between l8 and 30 km, 
most commonly somewhat above 20 km. Such tenperature measurements as are 
available i n the neighbourhood suggest that they exist at about -80°C, v*iich 
i s several degrees lower than the seasonal average for their altitude and. 
geographical position. 
Noctilucent clouds 
Observations of these clouds provide information concerning the physic-
a l state of the upper atmosphere at the height of about 80 km at which they 
invariably occur. Besides yielding direct measurements of wind, they i n -
dicate the existence of a teirperature minimum at 80 km. Since they are made 
visible by the sunlight scattered by the material of which they are conposed, 
they are observed only on nights v*ien the sun remains close below the 
horizon, that i s , during the summer months in middle latitudes. Presumably 
they may be present at other times and i n other latitudes, but they w i l l 
not remain sunlit long enough to be observed. Their nature is s t i l l i n 
doubt, though their tendency to appear at times of comet and meteor occur-
ences strongly supports the belief that they consist of meteoric dust. 
1.4 Water Content of Clouds 
The water content i.e. mass of water i n the liquid or solid phase per 
unit volume of a i r , i s of considerable meteorological inportance. I t s 
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magiitude and spatial distribution indicate the degree of mixing which has 
taken place between the rising cloudy a i r and.its drier environment,- Changes 
i n the water content are iirportant thermodynamically, since they are accom-
paniied by large enei?gy changes. The f i r s t attenpt at measuring the water 
content was made by SCHLAGINTWEIT i n (I851) i n mountains i n dense fog. 
Three, observations yielded water contents of 3«83 10^, 3 x 10^, 1,53 x 10^  
kgn'^i These measurements remained unique u n t i l the end of the nineteenth 
century, when CONRAD (1899) and WAGNER (1908) carried out a limited number 
of measurements of the water content of clouds. The absence of systematic 
measurements of water i n clouds was due to the lack of equipment for aerial 
ascents and of a sinple.and reliable method of measurement. The practical 
significance of this element remained unclear for a long time. 
I t was only after (1945) that data on cloud water content became nec-
essary i n connection with research on aircraft icing, design of anti-icing 
devices, development of methods for influencing clouds and inducing precip-
i t a t i o n , analysis of conditions of:absorption of ultra-short waves. I t can 
definitely be assumed that i n mixed clouds where the solid ice water content 
is low conpared with the liquid-water content. I t should also be remarked 
that v*iere precipitation i s taking place from the clouds, one is actually 
meiasuring the water content not only of the cloud proper, but also of the 
precipitation, v^ich i s particularly significant i n the lower cloud layer. 
I t can be assumed from the start that the cloud water content depends on 
the tenperature and tenperature gradient of the cloud, height above the base, 
phase.and form of the clouds and, f i n a l l y , theremodynamic conditions of 
cloud development. In space the water content fluctuates considerably, 
frequently increasing or decreasing several times over a distance of some 
hundreds of metres. Sometimes i n stratocumulus clouds the variation i n 
water content i s subject to a f a i r l y pronounced periodicity, v*iile i n other 
instances, as i n cumulus clouds, the sharp changes display no regularity. 
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C H A P T E R 2 
CLOUD DROPLETS 
2.1 Condensation nuclei . 
In the perpetual interactions between the. surf ace of our planet and the 
lower atmosphere there , is a continuous exchange of gaseous conponents and 
of l i q u i d and solid particulates as well. Locally these processes are 
strongly augjnented by man's act i v i t i e s . From the outer atmosphere another 
class of particulates mainly thought of as meteoritic dust, is contributed. 
Depending on their physical and chemical nature, particles are suspended for 
a period.of time varying between minutes and years. Gravitational fall-out 
ceases to be significant for particles of diamter less than about 3 um. At 
this size begins the range, of the aerosols. They might remain airborne i n -
definitely were i t not for their occasional encoqhter with clouds and pre-
cipitating water v^ilch washes some of them out of the atmpsphere. While the 
upper l i m i t of size of aerosols i s determined by gravitational removal, the 
lower l i m i t i s not clearly defined. The definition involves the border-line 
between a molecule i n the free, gaseous state and an embryo particle. 
The most conrnon limitation of size at the lower end.of the scale comes 
about through coagulation. In this process the smallest, most mobile 
members collide and stick together to form larger, less mobile and thus more 
stable particles. The various processes i n the lower atmosphere have the 
net effect of producing a range of roughly 0.01 to 1 Vm i n concentrations 
between 10^ and 10^ ° m"^ . From measurements at the ground, JUNGE (1958) has 
equated the product of the size and number density of-aerosols to their 
t o t a l volume i n each size class and has found that the volume of aerosol per 
given volume of a i r is about the same i n a l l size classes from about the 
same i n a l l size classes from about 0.1 to 10 ym radius. 
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Ions fom a special class of aerosol. They are continuously being 
created i n the atmosphere by cosmic radiation and over the continents from 
the radioactive gases emanating from the s o i l . Under favourable conditions 
there may be 10^ to 10^ small ions m"^  near sea level, increasing vdth 
height to about 10^^ or more m"^  i n the ionosphere. There is an inverse re-
lation between the number of small ions and the number of large aerosols at 
any one time and place. The common aerosols capture the ions and so make 
their mobility very small. In fact, i t i s found that the more nuirjerous 
aerosols provide an effective means of reducing the nvimber of small ions, 
by this capture process. About half of the aerosols i n the 0.01 to 0.1 ym 
range carry a net charge as a result of ion capture and therefore are class-
ed as.large ions. They ahve mobilities.of less than 10"'^  m^ 'V'^ s"^  contj^asted 
with the mobilities of about 10"+ m^  V^s"^ for the small ions. 
Small ions become iirportant for condensation only when the a i r is 
cleaned of other aerosols. The large supersaturations required before they 
can serve as centres of condensation make them ineffective i n the natural 
atmosphere. High water vapour content .an near-micron-sized aerosols usually 
are found together because they both come from the same source - the surface 
of the earth. I t i s convenient to divide the spectrum of potential condens-
ation nuclei into th2?ee parts: (a) those nuclei which can be detected i n 
an Aitken counter, having r a d i i between 5 ^ 10"^ vm and.0.2 pm, and which 
are called 'Aitken nuclei'; (b) particles of r a d i i between.0.2 ym and 1 um, 
which are called 'Large nuclei'; and (c) particles larger than 1 vm radius 
vtfiich may be called 'Giant nuclei', Division according to these particular 
size groups has the advantage that i t coincides quite well with divisjLons 
based either on the techniques used for measuring the particles, or on the 
processes by which they are produced. The relative concentrations of the 
three classes of nuclei as determined by JUNGE at Frankfurt are shown i n 
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table 2.1, where the values are the mean of 25 sets of measuremehts. 
TABLE 2,1 
Relative concentrations of Aitken, large and giant nuclei. 
Aitken - -Large 
Giant (drops and solid particles) 
r = 1-2 2-3 3-5 5-10 m 
Mean 
concentration riP 
Mass (yg m"^ ) 
i|.25?<10io 
17 
1.32x108 
26 
8.03x10^ 
23 
8.8xlO'* 
4.2 
2.^ 14x10'* 
5.1 
5.1x103 
9.1 
2,2 Sizes ahd numbers of cloud droplets 
The spectrum of cloud-droplets sizes varies from one cloud type to the 
next, from one cloud of one type to another cloud of the same type. As a 
matter of fact, from one place and time to another place and time i n the. 
same cloud, there are large.differences i n the droplet characteristics. But 
even with a l l these variations, on average, the droplets i n certain types 
of clouds are considerably different from those i n other clouds. Fig.2.1 
shows how the nuirtoers of droplets of various sizes d i f f e r i n three types of 
cloud i n the cumulus family. Cumuli of f a i r weather seldom are more than 
0.9 km, and often are less than 0.3 km, thick. They never produce rain. 
I t can be seen that i n these clouds the droplets are.small and numerous. 
The n^imum diameters i n most; of them are less than 50 y'm and the concen-
trations of droplets are above 3 ^  10^ m"^ . 
In large cuirailus clouds, which produce showers, i t . i s found that the 
droplet dianeters often exceed 5Q wm. The concentrations of droplets are 
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Fig.2.1 The spectrum of droplet sizes i n three types of clouds. 
-x~x- Large cumulus over the central United States, to t a l number of droplets = 22 x lO^ m'^ . 
Cumulus of f a i r weather, t o t a l number of droplets = 3 x l o ^ m~3, 
Cumulus over tropical ocean, t o t a l number of droplets 
55 X 10^ m-3.-
_ i n _ 
smaller than i n fair-weather cumuli, they are about 2 x l o ^ m"^ . The 
cumulus clouds over tropical oceans have droplet characteristics differing 
markedly from those found i n continental clouds. Cumulus clouds over con-
tinents seldom produce rain unless their summits rise as high as 4 to 7 km. 
The droplets i n tropical clouds occur i n concentrations of only about 
6 X 10^ m"3 buli there are usually some droplets of diameters exceeding 
50 ym. I t ,has been suggested that the presence of many large cloud droplets 
i n shallow clouds can be attributed to a large number of giant salt nuclei. 
In layer-type clouds the droplets are usually smaller than i n cumuli-
form clouds. Measurements by a number of investigators have shown that i n 
most s t r a t i f i e d clouds the average droplet r a d i i range i n size from about 
^ to 10 vim while the concentrations range from about 2 x l o ^ to 6 x l o ^ m"^ . 
In shower clouds the average r a d i i are near 20 ym, and concentrations are 
5 X 10^ to 2 X 108 m-3, 
2»3 Theoretical studies of cloud droplet growth 
There are two conceivable processes by which nucleus droplets may 
attain radii of several microns and so form a cloud or fog; the diffusion 
of water vapour to and i t s condensation upon their surfaces, and growth by 
the coalescence of droplets moving relative to each other by virture of 
Brownian motion, small-scale turbulence, and differential rates of . f a l l 
under gravity, 
2.3,1 Growth of a droplet by condensation 
Saturation occurs when moist a i r has such a conposition that i t can 
exist i n equilibrium with a plane surface of .pure water at the same tenper-
ature as the a i r . Here the term equilibrium means that there is no net 
transfer of water vapour molecules from the a i r to the water surface or from 
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the water surface to the ai r . This equilibrium then defines the saturation 
vapour pressure and 100 per cent relative humidity. The equalifications 
that the water must be pure and that the surface must be plane are inportant, 
for i f the water i s not pure or i f the surface i s not plane, other equilib-
r i a w i l l exist, for exairple, that ordinary Nacl salt gets wet long before 
the relative humidity reaches 100 per cent. Therefore, i f the droplet con-
tains salt i t can be i n equilibrium with the surrounding air when the rela-
tive humidity is less than 100 per cent. The difference depends upon the 
strength of the solution, and this is expressed as the solute effect. 
I f a salt nucleus is introduced i n moist a i r which is not saturated, 
condensation w i l l then occur on the salt. However, as the droplet grows the 
solution weakens, and the growth of the droplet w i l l be more or less as 
shown by curve A i n Fig.2.2 . When the drop has grown so that i t s radius i s 
about 2 Mm i t i s so diluted that, for a l l practical purposes, i t behaves as 
i f i t were pure water. Thus, the solute effect is iirportant only at the 
very beginning of the process, but during this phase i t i s a l l inportant, 
since droplets would not form i f nuclei were absent. 
The solute effect is counteracted by another called the curvature 
effect. When the drops are very small the surface tension is inportant. 
The "skin" of a droplet, li k e that of a soap bubble, behaves like a stretch-
ed membrane, and work must be done to stretch i t further. In fact, this 
means that such a droplet w i l l resist the advances of .the vapour molecules 
i n the a i r u n t i l the vapour pressure is greater than the saturation value 
corresponding to a plane water surface. In other woixis, a small droplet 
w i l l not be i n equilibrium with the surrounding a i r u n t i l the relative 
humidity i s over 100 per cent. I f a small droplet of pure water is intro-
duced into supersaturated a i r with such high humidity, the drop begins to 
grow. The curvature of the droplet then decreases,' and as the growth 
^Curva tu re Effect 
• Sol i r tc E f f ec t 
O-S 1 2 
Rad-'us 
5 Microns 
Fig.2.2 Showing the formation and growth of cloud 
droplets. 
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progresses the effect of curvature tends to vanish, more or less as shown 
by curve B in'Fig.2.2 When the droplet has grown so that i t s radius is 2 
to 3 Um, the curvature;effect i s so small that, for a l l piractical purposes, 
the drop behaves as i f i t had a plane surface. I t w i l l thus be seen that 
both the solute effect and the curvature effect are inportant only at the 
very beginning; later the process i s almost the same i f the water were pure 
and the surface plane. 
The actual growth comes out as a conpTOmise between the solute effect 
and the curvature effect, as shown i n Fig,2.2 . Suppose that a nucleus of 
salt is- introduced into a i r which is not saturated. The nucleus w i l l then 
absorb water u n t i l i t i s i n equilibrium with the surrounding ai r . This 
point be indicated by L i n Pig.2.2 . Next l e t the a i r be cooled so that the 
relative humidity increases a l i t t l e . The droplet w i l l grow further u n t i l 
a new equilibrium i s reached at M, The air is now cooled again so that the 
relative humidity increases to the value indicated by N, The droplet w i l l 
then grow along the curve DVDP without coming into equilibrium with the 
surrounding a i r . After the hunp, 0 has been passed, the growth is unstable 
i n the sense that i t does not result i n an approach to equilibrium. I f a 
much smaller nucleius were used, the solute effect would be smaller and the 
curvature effect larger. The result would be that the hunp H would be high-
er, as indicated by the curve GH, 
Conputations show that i t takes an average.nucleus about 1 s to grow 
to 10 ym, a few minutes to grow to 100 ym, 3 hrs to grow to 1,000 ym or 
1 mm, and about a day to grow to 3 mm. Since heavy rain may develop within 
an hour or two after the cloud has formed, i t i s evident that the condens-
ation process i s far too slow to account for the formation of raindrops, 
although i t i s able to produce drops of drizzle size. 
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2,3.2 Growth by accretion 
(a) B3uatign_of_g;owth 
A drop v*iich i s larger than, and consequently acquires a velocity 
relative to i t s smaller neigl^ours, w i l l overtake and collide with some of 
those lying i n i t s path. I t i s shown by MASON (1955) that i f a fraction 
of the droplet vdiich collide with.the larger drop coalesce with i t Pig.2.3 •» 
the l a t t e r would grow at a rate given by the equation 
^ = i|ir R2p ^  = EjEzn R^W (V-v) (2.1) 
vitiere Ei i s the collision efficiency, E2 i s the coalescence efficiency, W 
the concentration of li q u i d water i n the form of the smaller droplets, and 
V,v are the f a l l i n g velocities of the larger, and smaller droplets respect-
ively. The product E1E2 w i l l be termed the collection efficiency and.denot?-
ed by the syrnbol E, and.m,r,p are respectively the mass, radius, and density 
of the droplet, and R the radius of the large drop. 
Integration of equation (2.1) shows that a droplet of radius 25 w'm f a l l -
ing through a i r at 0°C and 900 irib pressure and containing of liquid water 
m~3 composed of droplets with r = 6 um, would grow to a radius of 30 M i n 
12 min., and. to 25 vm i n 38 min., i f the coalescence efficiency E2 i s assum-
ed to be unity. These.times are very short compared with those fqir growth-
by condensation. The contribution MAiich coalescence may make to the earlier 
growth of 25 ym droplet i s d i f f i c u l t to estimate, because for r/R ratios 
greater than 0.2, mutual. interference between the flow patterns set up by. 
the . larger and smaller droplet w i l l almost certainly become inportant and 
invalidate the calculations of collision efficiency. 
Pig.2.3 Diagrammatic representation of the trajectory 
of a small drop relative to a lai^e one. 
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(b) ^e_effect_of_srnall_scale_tui^^ 
I t i s interesting to inquire vdiether the number of collisions , between 
cloud droplets of different size might be increased i n a turbulent a i r 
stream, because i f velocity fluctuations of the right frequency occiir, the 
relative velocities between the large and small droplets may be increased 
owing to differences i n their inertia. Clearly there w i l l be an optimum 
frequency at v*iich the induced relative velocity w i l l be a maximum. At very 
low frequencies, a l l the droplets w i l l tend to move with the a i r , and their 
relative velocities w i l l be very small; as the frequency increases, the 
larger drops w i l l lag more and more behind the a i r motion relative to the 
smaller ones, but when the velocity fluctuations of the a i r become short i n 
period corrpared with the time constant of the smaller droplets, these too 
w i l l lag, and. the relative velocities of lar^e and small droplets w i l l again 
be small, A theoretical examination of this problem has been made by EAST 
and MARSHALL (195^). For droplets of r a d i i 15 and 10 ym, the optimum 
frequency i s about 100 cycle s~^. I f the collision efficiency of larger 
droplets for smaller ones i s to be increased appreciably by the action of 
turbulence, accelerations of the order experienced when f a l l i n g under gravity 
must be inparted to the droplets. This would inply that the a i r must under-
go t o t a l root mean square accelerations of the order of g i n the frequency 
band, below about 100 cycle s~^. I t appears unlikely that turbulence of this 
intensity occurs i n this frequency range i n the free atmosphere, and i t is 
accordingly doubtful whether turbulence plays an inportant role i n bringing 
about collisions between cloud droplets. But EAST and MARSHALL considered 
only the effect of turbulence on the motion of two drops relative to the a i r . 
The effect of spatial variations of the turbulait motion which might lead 
to collisions, even between droplets of equal size, due to the 'motion of 
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drops with the a i r ' has been investigated by SAFPMAN and.TURNER (1956), 
(c) Coalescences_between_charged_an 
The effect of an electrically charged drop on the trajectory of a 
smaller droplet.moving towards i t , and hence the effect on the collision 
efficiency, has been calculated by FAUTHENIER and.LOUTPOULLAH (1950). They 
have calculated the c r i t i c a l distance x Fig.2.4 within which a snail un-
charged droplet of radius r must approach a larger charged drop of radius 
R, i f collision i s to occur by electrostatic forces only. For distance of 
approach greater than x, the small droplet i s deflected towards the larger 
drop, but does not collide with i t . The collision efficiency Ej defined as 
x^ /R^ , i s then given by the expression 
„ _ 1 r 45 e-1 _a i_ l^^ (0 o\ 
v*iere p, e are respectively the density and dielectric constant of the water 
and q i s the charge on the drop. The average charges on lar^e cloud drop-
lets i n swelling cumulus are about 2 x lO"^ e.s.u, GUNN (1952); i f we sub-
s t i t u t e this value equation (2,2) and put R = 10 jini, r = 5 um, the value of 
El tums out to be 0,043, As larger values of R w i l l lead to even smaller 
values of El, i t spears that the charges normally present on cloud droplets 
cannot be of much help i n bringing about collisions. 
2.3,3 The growth of a population of droplets 
In the case of a large population of droplets growing i n a rising 
current of a i r to form a cloud, there w i l l clearly be some interaction be-
tween the growing droplets. LANGMUIR (1944) has shown that with d2?oplets 
at rest With respect to the a i r , the separation of droplets i n normal clouds 
/ 
/ 
Fig.2.4 The trajectory of,.a snail uncharged droplet relative 
to a larger electrically charged drop as determined 
by electrostatic forces. (After MASON). 
- 20 -
i s so great conpared with their diameters that, any individual interactions 
between droplets i s negligible, Whoi droplet motion i s considered this con-
clusion i s also true, since a typical growing cloud may contain drops of 
about 7 wm radius, separated from each other by about 1000 iim on the average, 
and f a l l i n g relative to the a i r at about 5000 iim s"^. Every growing drop-
l e t therefore experiences essentially the same environment, and the droplets 
influence each other only through their combined influence on this common 
'e»vironment. 
The genersil outline of the condensation process i s a steadily rising 
current of a i r i s straight forward. As the a i r rises i t expands approx-
imately adiabatically and the saturation ratio increases. Once the.satur-
atibn point has been passed, condensation begins to occur on the suspended 
nuclei, the most .effitient being activated f i r s t . The supersaturation con-
tinue to rise more and more nuclei are activated and begin to grow to drop-
le t s ; the rate increase of .supersaturation i s , however, now rather lower 
because the growing droplets are removing the excess vapour from the ai r . 
Since large droplets remove water vapour more quickly than do the small ones 
the excess vapour i s soon being removed from the a i r as quickly at i t is 
being made available by expansion, and thereafter the siper saturation f a l l s 
towards zero, 
2.4 Ttie f a l l velocity of drops 
A water drop w i l l be accelerated downward by gravity. As the velocity 
increasing, the f r i c t i o n a l drag against the surrounding a i r increases, and 
after a short vMle the two forces balance. Thereafter the drop f a l l s at 
tenninal velocity. Some typical values for spherical drops are givoi i n 
Table (2.2), I f the a i r i t s e l f had vertical notion, the drops would f a l l 
relative to the a i r with the speeds indicated. I t w i l l be seen that a large 
raindrop can be kept a l o f t i f the updraught i s about 9 m s'^, and that the 
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smaller drops would be carried upward i n the cloud. Updraughts with such 
speeds are commonly observed i n thunderstorms. When drops of various sizes 
are present, their rates of f a l l w i l l vary over wide ranges, and this pro-
vides, plenty of opportunity for collisions. 
When a drop grows to 7 mm i n diameter, the f a l l velocity w i l l be some-
what larger , than 1.06 x lO"^ km s"'^ . At such high speeds the drop flattens 
out and breaks up into a few smaller drops, such as small raindrops and 
drizzle. Thus there i s an upper l i m i t to the size of the drops that can 
exist i n the atmosphere. 
TABLE-2.2 
Diameter 
um 
Rate of f a l l Type of drop 
5,000. 8.9 ms"i Large raindrop 
1,000 4.0 ms~i Small raindrop 
500. 2.8 ms'-i Fine rain or large drizzle 
200 1.5.ms~^  Drizzle 
100 300 mms"^  Large cloud droplet 
50 76 mms" Ordinary cloud droplet 
10 3 nins"^ 
2 120 tfms"^ Incipient droplets 
1 40 ili ms and nuclei 
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C H A F T E R 
• THE -ELEGTRIFIGATION QP GLOUDS 
3.1 The vertical potential gFaidient and-eurrent i n fine weather 
The fundamental electrical phenomenon on the lower atmosphere is the 
vertical electric f i e l d which, i n clear-sl<y conditions, is directed down-
Wards. This implies that the Earth's surface carries a negative bound charge 
and the atmosphere a net positive charge. The surface density of charge-on 
the conducting Earth i s about -3 e.s.u. m"^ , the t o t a l fine weather charge 
amounting tO' about 5 ^ lO^C, The intensity of the vertical electric f i e l d 
has. a maximum value at the ground where i t s magnitude is the 120 V m"^  when 
averaged, over the whole earth, and 130 V m'^  over the oceans; i n industrial 
regions, where the a i r i s highly polluted, the f i e l d strength may be con-
siderably enhanced. The surface-field strength F^ i s related to the-surface 
density of charge a by the equation 
= (3ol) 
o 
and has the same sign and order, of magnitude i n fine weather, over the whole 
earth. The f i e l d intensity or potential gradient decreases at greater 
heights as shown i n Fig<>3.1 Thus, the lower atmosphere normally contains 
a positive space charge of density p, such that 
32v _ p_ 
• " o^ 
where V i s the potential difference between the earth and' the atmosphere at 
height z. On integration the above equation becomes 
f - ( f ) = - i - / % d z (3,2) VVz=0 o^ ° 
and. the surface value of the potential gradient is given by 
E 
3£ 
3 
Fie ld strength Volts /metre 
lOO 2 0 0 3CO 
Poten t ia l relat ive to earth (l<v) 
Fig.3.1 The potential V of the atmosphere and the vertical f i e l d strength F as a 
function of height. (After MASON). 
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p dz = - — a 
Thus 0 = - p dz (3.3) 
The potential V of the atmosphere with respect to the Earth surface increases 
with altitude up to about 20 km, above which i t remains sensibly constant 
at about 4 x lO^ V, as shown in Pig.3.1- The very small potential gradient 
which exist i n the atmosphere above 20 km indicate that the a i r at these 
levels i s highly conducting, 
WILSON (1922), who suggested that the origin of the fineweather electric 
f i e l d lay i n thunderstorms, pointed out that, i n consequence, i t s maximum, 
value should occur when the most thundery regions of the earth attain their 
maximum a c t i v i t y . WHIPPLE (1929) found apparent correspondence between the 
variation i n thunderstorm ac t i v i t y over the whole globe on average day and 
the variation of potential gradient as measured over the oceans and i n the 
Arctic and Antarctic, There appears to be no appreciable annual variation 
of the potential gradient over the sea, but land stations i n both hemispheres 
report a maximum in the local winter and a minimum i n the summer c 
The lower atmosphere i s slightly conducting due to the-existence of 
ions produced by radio-active matter i n the a i r and i n the- earth, and by 
cosmic rays,- The space-charge density p decreases with heigit i n conform-
i t y with equation (3.2) and the variation of the potential gradient with 
heigjito The positive space charge results from an excess of positive ions 
which on average, balance the negative charge on the Earth's surface. The 
ions may be divided into two groups: small ions, and large ions. The con-
centrations of positive and negative ions are not very different, but there 
is a small excess of positive ions representing the positive space charge; 
the r a t i o of the concentration of the small positive and negative ions i s 
about 1.2« 
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The electrical conductivity of the air which is proportional to the 
product of the concentration and mobility of the .ions, increases quite 
rapidly with height up to about 20 km. The conductivity of the atmosphere 
i s slightly greater for positive than for negative ions. • 
The d r i f t of the positive ions downwards and of the negative ions up-
wards under the fine-weather f i e l d , constitute a downwardly directed con-
duction current which tends to neutralize the Earth's negative bound charge. 
The current i flowing through unit area normal to the f i e l d i s given by 
i = P(x^+x_) = Pe(n^k^+n_k^+N^K^+N_K^)' 
where \^ and are the .polar conductivities, k, K the ionic mobilities of 
small,and large ions respectively, n, N the ionic concentrations, and e the 
ionic charge. The magnitude of the fine weather current density, i s generally 
taken tb be about 2x 10"^^ ^ m"^  over land.and 4 * 10"^^ Am"* over the sea, 
though recent measurements may show that these values w i l l have, to be re-
vised, The increase of X with h e i ^ t i s offset by the decrease of F, so 
that the current i s almost independent.of height. 
Measurements of the variation of conductivity with height during 
balloon ascents allow the resistance of a unit column of the atmosphere, 
cross-sectional area m"^ , to be calculated. GISH and SHERMAN (1936) deduce . 
from their results a value of 10^^ n, the resistance of the whole atmosphere 
thus being about 2 n. 
3.2 Ciharge generation i n clouds 
Polarization of the cloud i n the requisite direction follows automat-
i c a l l y by the action of gravity i n pulling the negative charges down 
Pig,3.2i When an updraught i n the cloud is capable of supporting or even 
of driving upwards the heavier negative group of carriers, raindrops or 
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snow or large ice-particles, the lighter ones, droplet or ice-fragments, are 
driven upwards s t i l l faster, so that the relative velocity of separation of 
the two groups is the same.as i f no updraught were present. 
The shape of the field-changes immediately after a cloud discharge 
suggests.that the process of separation of the oppositely-charged carriers 
i s one involving i n i t i a l l y free f a l l under gravity and that this free f a l l 
i s progressively retarded and f i n a l l y reduced to-nearly zero by the attract-
ive forces between the separating charges. The rate of f a l l of the heavier 
carriers i n this f i n a l stage must be considered just sufficient to maintain 
the charges constant i n the face of.dissipation currents within the cloud 
and directed to i t from outside. Ultimately the f i e l d between the separated 
charges may become strong enough for a discharge to pass. - I f .the charges 
are equal, this leaves the cloud i n i t s i n i t i a l state and the larger carriers 
i n the neutral region of Pig.3.2' once more separate and under the action 
of gravityo The relative velocity of separation has been taken by WILSON 
(1929) to be of the order of 6 ms~^ , the terminal velocity of a water drop 
1.5 mm i n radius« Relative to such a drop, the much slower positive drop-
lets nay be considered as stationary. WILSON has examined the case of a 
disc-shaped region of charge-generation (Pig.3t2) making use of his measure-
ments of the average moment M developed before discharge and dM/dt just 
after discharge. He has assumed the thickness of the disc to be about 1 km 
and the discharge to occur when the f i e l d reaches' 10^ V m"*. Prom this i n -
formation he found that (a) the volume of the generating region is 4 km^  and 
hence i t s cress-secti(xi 4 km^ ; (b) the rate of generation of chaise i s 
equivalent to about 1 A km'^  of surface and is therefore about 4A in a l l ; 
(c) the t o t a l charge or either the positive or the negative carriers i n the 
neutral generating region is about 500 C; (d) the charge per c.ic, on the 
larger carriers is of the order of, but should not exceed, 30 e.s.u, « 
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A different type of cloud polarization by gravity has been discussed 
by PRENKEL (19A7) i n connection with fog-like.clouds of small droplets. 
These are considered by him to be capable of capturing negative ions from 
the a i r v^iich i s then l e f t with an excess positive charge. The charged 
droplets are not held up conpletely by the internal, f i e l d but d r i f t slowly 
downwards at such a rate that the polarization charge developed per unit 
area is equal to the charge neutralised by the internal conduction or diss-
ipation current i n the same time. The internal f i e l d , Es, i n this "station-
ary" condition i s reflated to the equilibrium f i e l d Eq- i n which the drops are 
f u l l y supported by the equation E^ /Ejij. = A/j^  where x i s the ionic' conductiv-
i t y of the a i r and A is the much smaller contribution to the conductivity 
provided by the droplets, then % i s found to be of the order of lO"* V m"^ , 
hundred times less than, Eq. In clouds where the water content is greater, 
the positive ions w i l l attach themselves to larger particles and the develop-
ment of polarization i n the thundercloud then appears to become the same as • 
that considered by WILSON.(1929)= 
The most frequent form of lightning i s the cloud discharge. Though 
most.cloud flashes are known from field-change records to occur between the 
main P (positive) and N (negative) charges of the cloud dipole, there is 
evidence that others pass between the N charge and a lower positive charge, 
either the small p pocket of P i g o 3 o 3 , N-p discharge, or a positive space-
charge i n the a i r below the cloud (air-discharge). A similar type of flash 
between the P charge and negative charge drawn down from the upper a i r to 
the top of the cloud or.to the a i r immediately above i t , would account for 
many cloud-flashes which are seen at night to be restricted to the cumulus 
heads of thunderclouds and the regions above them. 
E 
'5 
Pig.3.3 The distribution of charges i n thunderclouds. (After 
SIMPSa^ , SCRASE and ROBINSON). 
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Most ground-discharges remove negative charge frera the N region. There 
is a good deal of evidence to show that they are usually triggered off by 
the streng f i e l d between the N and p charges or the positive space-charge 
i n the a i r , thus extending an N-p or an a i r dischar^ge a l l the way to the 
ground. The residue of the negative charge remains after the small lower 
positive charge has been neutralised. Many lightning flashes,, both, within 
the cloud and to ground are observed to fl i c k e r . Early camera studies 
showed that this is due to the fact that the discliarge consists of a number 
of separate conponents or strokes. Though the whole flash often occupies 
more than a second, the luminosity of the conponent strokes is generally 
over i n a few milliseconds» After each stroke the ionisation along 'its 
channel, though much reduced by electron-attachment and by recombination and 
diffusion of the ions, usually persists i n sufficient measure to provide the 
following stroke with a ready-made path which i t follows. I f , however, the 
time-interval i s exceptionally long, the channel ionisation i s too much 
weakened and the following stroke may take a different path. 
The channel is often shifted several meters by the wind i n the interv-
als between strokes; the discontinuous nature of the discharge i s then shown 
as ribbon lightning. Observations with moving cameras show that the branch-
ing of the lightning discharge to ground is almost always confined to the 
f i r s t stroke of a series. The maximum number of strokes so far observed 
from a single flash to ground i s 42. The most frequent number i s 3 or 4 and 
single-stroke discharges are quite common. The time-interval between 
strokes i s variable, the most frequent value lying between 30 ms and 70 ms. 
3,4 Electrical and meteorological conditions inside thunderolouds 
An investigation of the electrical and meteorological conditions i n -
side thunderclouds was started i n 1945 at the Zugspitze Observatory i n 
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Germany, During a three years period 1 2 5 storms, consisting of 6 7 thunder-
storms and 5 8 shower clouds with high electric fields, were analysed with 
regard to (a) electrical conditions, (b) precipitation, and (c) miscellan-
eous meteorological details. The more inportant aspects of the results may 
be summarized as follows: 
1 . The average f i e l d direction at different tenperature levels of the 
cloud. Pig.3.^ , confirms the opinion of SIMPSON and ROBINSON 
( 1 9 ^ 1 ) 1 In the active parts of a thundercloud, there are generally 
three main charges - a local positive charge i n the base, a negat-
ive charge i n the lower part, and a postive charge i n the upper 
part, 
2 . The average positions of these charges may be specified as follows: 
(a) The centre of the local positive charge i n the lower cloud 
is accurately fixed near the freezing level. This charge seems to 
have a horizontal extent of less than 1 km, placed i n the centre 
or precipitation and lightning. 
(b) The main negative charge is concentrated, ori the average, 
near the -8°C level and occupies a larger area than the lower 
positive charge, i n the vertical as well as i n the horizontal 
direction, 
(c) With regard to the main positive charge, i t s position was 
found to be higher than the negative charge and i t s area to be quite 
extensive. These charge positions are mean values of a great 
number of thunderclouds. In each case, there may be great local 
and tenporary variations. 
3 . The centres of the local positive charge i n the cloud base and of 
the negative charge above are probably bound to the same vertical 
a i r column, lightning-precipitation-downdraft centre, while the 
centre of the high positive charge is located outside this a i r 
current, following at a distance somewhat behind i t . The negative 
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charge centre i s apparently the starting point of most lightning. 
4 . The two main space charges are generally held within the limits of 
the clouds, not i n the free a i r or i n the precipitation area below 
the clouds. 
5. No fundamental difference could be found between thunderstorms and 
snow-showers cloud without lightning. Th^ have a similar electric-
a l structure i f they are conpared at the same teirperature level; 
a winter snow-shower cloud, although i t contains less liquid water, 
may be considered as a pseudo-thundercloud whose lower parts are 
cut o f f by the cloud base or the ground. 
6 . Cumulus clouds with precipitation but without lightning, shower 
clouds, have a f i e l d strength comparable to that of thunderstorms, 
even i f their vertical extent is smaller. Cumulus clouds without 
precipitation never show a f i e l d strength conparable to thunder-
clouds, even i f their vertical extent and liquid water content are 
very large PRENKEL ( 1 9 4 4 - 1 9 4 7 ) . 
7 . There is no fundamental electrical distinction between local con-
vectiorial and frontal storms, the main difference being i n their 
flow pattern. 
8 . The records of the electrical and meteorological elements show 
variations and oscillations with periods on the order of minutes. 
Taking into account the observed wind velocities, this indicates 
that the individual cells i n a thunderstorm, which are about 1 to 
1 0 km i n linear dimensions, are further sub-divided into units of 
order of magnitude 0 . 1 to 1 km. This "parcel structure" applies 
also to the main electrical charges. I t may be related to turbul-
ence systems and gives some indication of the notorious local 
character of breakdown fields and of intricate conposition of 
thunderstorms. 
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3 . 5 The electrical structure of thunderstorms 
Although i t i s now over two hundred years since the electrical nature 
of the thundercloud was firmly established by the experiments of FRANKLIN 
( 1 7 5 2 ) and D'ALIBARD ( 1 7 5 2 ) , the electrical mechanisms responsible for the 
charging of the cloud are s t i l l not understood, ^y measuring the electric-
a l f i e l d intensity due to both near and distant clouds, SCHONLAND ( 1 9 2 8 ) , 
WORMELL ( 1 9 3 9 ) , MALAN and SCHONLAND ( 1 9 5 0 ) and SMITH ( 1 9 5 ^ ) have established 
the approximate magnitudes and relative positions of the main charge centres. 
Similar information was obtained by APPLETON et a l . ( 1 9 2 6 ) , WORMELL ( 1 9 3 9 ) , 
MALAN and SCHONLAND ( 1 9 5 1 ) and PIERCE ( 1 9 5 5 ) , by measuring the electric 
f i e l d . charges brou^t about by lightning flashes. Simultaneous multiple-
station recording of potential gradient and other parameters has enabled 
WORKMAN et a l . ( 1 9 ^ 2 ) , BARNARD ( 1 9 5 1 ) and REYNOLDS and NEILL ( 1 9 5 5 ) to 
estimate more acciirately the magnitude of the charge centres and their 
positions relative to the cloud. Aircraft and balloon measurements have 
also produced useful information, particularly those of SIMPSON and SCRASE 
( 1 9 3 7 ) , SDIPSON and ROBINSON ( 1 9 4 0 ) and GUNN ( 1 9 4 8 ) . 
The generalised electrical structure obtained from these measurements 
i s an approximate double dipble, with the upper cloud charges being positive, 
the main lower charges being negative, and with a second positive charge of 
smaller magnitude Fig.3.5. = 
Earlier workers assumed the main charge centres to be distributed 
vertically above one another, but the measurements of PIERCE ( 1 9 5 5 ) and 
BROOK ( 1 9 6 9 ) suggest that considerable horizontal separation of charge 
centres may exist. Estimates of the quantities of charge involved very con-
siderably, but the excess charges i n the main charge centres must be at 
least several tens of Coulombs. The main negative and positive charge 
centres i n the thunderclouds of tenperate latitudes exist at teriperatures 
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Pig.3.5 Location of main thunderstorm charges. 
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below freezing, i n regions where both solid and liquid hydrometeors exist, 
and the most favoured charging theories involve gravitational separation of 
oppositely charged particles, with the main updraught carrying the smaller 
particles a l o f t . 
Examination of the recovery curve of potential gradient after lightning 
discharges has shown that regenerative currents of several anperes per storm 
c e l l are perhaps necessary. Aircraft measurements by GISH and WAIT (1959) 
have shown that conduction currents of this magnitude flowing to the iono-
sphere do exist. The potential gradient at the ground beneath a storm 
reaches a maximum value of around 10,000 V m"^ , being limited by a space 
charge blanket of opposite sign released by point-discharge from raised 
objects. Precipitation current densities at the ground are found to be 
extremely variable i n sign and magnitude, maximum values being of the order 
of 0.1 y'A m"2. I t should be noted that this value i s at least two orders 
of magnitude too small to explain the observed charges i n the cloud, and i t 
i s generally thought that the charges on precipitation particles are much 
larger i n the cloud. The most active thunderstorm cells produce flashes at 
a rate not normally exceeding one every five seconds, so that any theory of 
electr i f i c a t i o n must be able to explain these high rates of charge product-
ion. 
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C H A P T E R 4 
NIMBOSTRATUS CLOUDS 
4;1 Introduction 
Nimbostratus "clouds are both of considerable vertical height and 
horizontal extent. They give rain a l t h o u ^ usually less intense than that 
from cumulonimbus. Ninfcostratus clouds are formed when moist warm,air rises 
over a denser mass of cold a i r at a warn front as shown i n .Pig.4,1 , They 
have a smaller vertical a i r current and is less turbulent than the cumulo-
niiribus cloud. Because of these differences i t is described separately here. 
4,2 Ihe electrical structure of nimbostratus clouds 
CHALMERS (1959) considers the niiribostratus clouds as being of suffic-
ient horizontal dimensions to render the edge effects negligible. The quasi-
steady state, v*iich may be assumed to be reached i n a nimbostratus system, 
inplies that the t o t a l vertical current density i s independent of height. 
The components of the t o t a l vertical. current density i s independent of 
height. The coiiponents of the t o t a l current, namely precipitation, conduct-
ion and convection currents, vary i n their contribution with height, (e.g. 
the t o t a l current w i l l be conprised conpletely of the conduction current 
above the cloud). 
Although an analytical solution of the general problem is inpossible, 
CHALMERS has worked out two limiting cases for both rain and snow clouds 
between which the true solutions are li k e l y to l i e . The results of CHAUVERS 
analysis for rain clouds, which i s reproduced i n :Pig.4.2"., was a vertical 
p r o f i l e of potential. Since the rain began as snow which i s usually neg-
ative there must be a process of charging at or below the melting level to 
give the positive rain current usually observed e.g. CHAIMERS ( 1 9 5 6 ) , The 
- Ifi DC Q 
c2 
to I H O 
cicctrosnherc 
cloud lop 
a f ^ c 
\ 
^ \ ^ 3 4 5 
' = - l 1 1 1 I 
cloud base 
potential x l O ^ V 
Fig.4.2 Vertical profiles i n niii;bostratus. (After CHADVERS), 
height 2 ^ 
I 
i 
p<0 
4 
dZ 
p > 0 
&pace charge^ j> 
—e*-
c = e iiE = -i dSV 
dZ : dZ2 
potenti'al gradient, F 
> 0 = ^ V convex 
— < 0 : ; ^ V concave 
potential^ V 
F= dV 
dZ 
Fig.4.3 Vertical profiles of V, P and p. 
- 33 -
negative space charge liberated i n such a separation accounts for the neg-
ative potential peak shown i n the pr o f i l e . The profile (c) is for the case, 
where the charge separation takes place at or near the ground by, as SMITH 
(1955) suggests, splashing for exanple. Profile (a) is for the case where 
the separation takes place above the cloud base. 
CHADVERS believes that (c) is less l i k e l y than (a) to be near the true 
state of affairs because the space charge i n the cloud is known to be every-
where negative. A negative space charge requires that the profile should 
be convex, viewed from the l e f t , as a sinple quantitative examination. 
Fig.4 .3 .} of Poisson's equation shows. Hence i t can be seen that (a) 
satisfies the requirement where (c) does not. 
4 .3 A proposed model for nimbostratus clouds 
Instead of including the clouds i n the earth ionosphere current net-
work, i t i s proposed by STRINGPELLOW (1969) that we can consider the cloud 
charges to be independent of outside electrical effects. I t was assumed 
that any ionic or cloud space charges dissipate only by ionic conduction, 
and that the rate of dissipation of these charges depends only on their 
magnitude and the conductivity i n the immediate environment. I t was further 
assumed that any charge separation process gives rise to an ionic or cloud 
charge and a precipitation charge of opposite sign. 
The charged precipitation was then assumed to f a l l to the ground, and 
the t o t a l precipitation current at the ground was considered to represent 
the t o t a l current flowing downwards from the charging region. 
I t was suggested that, i f we know the horizontal and.vertical dimens-
ions of the cloud system, and i f we can measure the precipitation current 
density, then we can calculate the value of the cloud ionic charge, and 
hence i t s contribution P to the potential gradient at the ground. In order 
P 
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to calculate the potential gradient at the ground due to the whole system, 
we must take into account the space chaise on the f a l l i n g precipitation. 
I f the contribution to the potential gradient at the ground due to the pre-
cipitation space charge is P , then the t o t a l potential gradient at the 
s 
ground i s given by 
P = P + P^  ( i | , l ) P s 
4 . 3 . 1 The general case 
For steady conditions, i f we consider a cylindrical cloud zone of depth 
H, radius R and cloud base height h Pig.4.4 , then i f precipitation with 
uniform current density I i s leaving the cloud base, the total precipitat-
ion current leaving the cloud is TTR^I. i f the cloud charge density at any 
time i s p, the t o t a l cloud charge w i l l be TTR^  Hp, and the ionic conduction 
current out of the cloud region w i l l be (irR^Hp) A/E^. Thus the to t a l current 
out of -the cloud zone w i l l be irR^I + (TTR^HpA/E^) . This is equal to the rate 
of decrease of cloud charge, - ^ (nR^Hp), which is then given by 
- 4: (TrR2Hp) = TT R2 I + TT R2 Hp A/e ox o 
Thus the rate of accumulation of cloud charge density i n the cloud zone 
is given by 
H ^ = - I - l i P ( 4 .2 ) dt T 
where t i s the relaxation time (e^/x) i n the cloud. 
The potential gradient at any point due to the cloud charges can be 
obtained by integrating over the cloud volume. The potential gradient at 
the ground under the centre of the cylinder i s found to be given by 
H C h a r g e . Dersity F 
Pig.4.4 Cylindrical cloud model. (After SIRINGFELLOW). 
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Pp =-|- {H-:;/<-H+h)^ +R^  + TWWl) ( 4 .3 ) 
I f .R i s very large conpared with H and hj the .potential gradient at 
the ground due to the cloud charges is then given by 
Pp= f ^ ( 4 .4 ) 
In order that a charge separation process should produce a cloud charge 
density uniform with height, i t i s necessary that the precipitation current 
density should increase linearly with decreasing height througiiout the 
charging region. I f the precipitation obtains i t s charge uniformly through-
out the depth H, and then f a l l s througji height h.to the ground without 
charge loss, then the potential gradient at the ground.under the.cloud centre 
due to the precipitation space charge i s found,by integration to be given 
by 
^ 2 r v + 2h + 2R + ^ .v^?+R^.- (1+ | ) 
./^m^ -^ log (H.h./nghT^) (4^5) 
I f R i s very large compared with H .and h, the contribution to the 
potential gradient at the ground by the precipitation space charge is given 
by 
Pg = 2 r v ^ " *2h) ( 4 . 6 ) 
o 
Thus i f we know the precipitation current density, the conductivity of 
the cloud, and the dimensions of the.charging region, i t is possible to 
calculate the potential gradient at the ground due to the charge system. 
This model i s of necessity oversinplified. CSiarged. cloud systems would 
be expected to interact electrically with each other, and the existence of 
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wind shear and precipitation particles of different sizes w i l l also conplic-
ate matters. However, provided the precipitation current density is grpater 
than the ionic conduction current density to ground, and provided the potent-
i a l gradient is not sufficiently high to give point discharge near the 
ground, then this model i s perl^aps a f a i r representation of conditions; 
4,4 Relation between precipitation current and potential gradient 
There exists during continuous r ^ a general inverse relationship of-
positive precipitation current and negative potential gradient. 
The inverse relation is. not always observed, but this can possibly are 
explained by considering the type of collector used. I f the shielding on 
the collector i s .too great i t w i l l prevent the majority of small drops, 
which are fourid to-carry a charge of opposite sign to the potential gradient, 
entering the collector. SMITH (1955) measured the charge on a large number 
of drops during a short time interval and found that the sum of the charges 
eai the drops was of the same sign as the potential gradient. But he found 
that i f he used the same apparatus as SIMPSON (1949) he obtained the inverse 
relation as obtained by SIMPSON; In.his original. experiment SMTTH was un-
able to measure;the charge on small drops due to the limitations of his 
apparatus., This would suggest that the inverse relation is mainly due to 
the:smallest dropso. 
SIMPSON (1949) observed that the .variation of precipitation current and 
point discharge current with time often appear almost to be the mirror image 
of each other. But SimRAMAKRISHNAN (1951) found that the charige of sign of 
the .precipitation current • synchronises more closely with the change, of sign 
of the potential 'gradient than with the point discharge current. I t is this 
l a t t e r effect that w i l l be referred to as the mirror image effect. 
During periods of continuous rain the potential gradient is not usually 
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large enough .for point discharge, and RAMSAY and CHADVERS (1960) found that 
the.positive maximum of the precipitation current often led or lagged behind 
the negative maximum of the potential gradient by a few minutes. SIMPSON 
(1949) also observed that the mirror was not the zero value of potential 
gradient but corresponded approximately to the normal fine weather value. 
As a drop takes a few minutes to f a l l from the cloud to the ground the. 
existence of the mirror image effect would suggest that the drops•acquire 
their charge , close to the ground and so that the charging of the rain is not 
due to the theory , of .WILSON (1929) as the potential gradiait would be too 
low. But CHADVERS (1957) suggested that the mirror image effect cbuld be 
explained by considering the motion over the observer of clouds carrying 
different charges at different places rather than due to changes i n the 
cloud. This would allow, the mirror image effect to be observed no matter 
at what height the drop actjuires i t s charge, and so the drops could s t i l l 
obtain their charge according to the WILSON influence theory i n the larger 
potential gradient at higher levels. 
MAGONO and ORIKASA (196O) and (196I) found ..that occasions when the. 
mirror image effect did not hold could possible be explained by considering 
the space charge due to the charge on the rain i t s e l f . They said that the 
mirror image effect could be explained by considering the removal from the 
cloud of charge of one sign and the leaving behind of charge of the opposite 
sign i n the cloudc So any. change i n the rate of r a i n f a l l would result i n 
a change of the space charge due to the drops and cause a tenporary chiange-
i n the. potential gradient at the ground. 
STRINGPELLOW (1969) suggested that looking upon the potential gradient • 
as a fundamental characteristic of the cloud and the precipitation current 
as a secondary effect i s physically the wrong way round, and that they are 
both the result of a single cause, namely charge separation in:the cloud. 
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The whole system of charges then gives rise to the potential gradient at the 
ground, which should therefore be regarded as a dependent not independent, 
variable. 
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C H A P T E R 5 
A SURVEY OP PREVIOUS WORK ON CLOUD DROPLET ELECTRIFICATION 
5.1 Introduction 
A number of the basic problems of modem atmospheric physics are relat-
ed to the electrical charges normally observed on cloud droplets, dust, and 
rain. The origin of this electrification has been obscure and the magnitude 
and distribution of the charges uncertain. I t i s well established that many 
solid dusts dispersed i n the atmosphere are highly electrified and that this 
electrification plays some part i n determining the effective coagulation 
rates. I t has been surmised that cloud droplets have similar properties. 
However, the frictional•contact usually invoked to describe the origin of 
charges on solid dusts does not appear applicable to cloud droplets, and 
appeal to direct measurement is required. 
5.2 Work i n the period up to 1946, 
As early as 1911, MTT.T.IKAN made significant observations that apply 
directly to the problem of droplet charging by ionic diffusion. While 
watching droplets acted on both by gravity and by a vertical electric f i e l d , 
he observed that "even when the drop had a negative charge of from 12 to 17 
units, i t was not only able to catch more negative ions but i t apparently 
had an even larger tendency to catch the negative than the positives. Here, 
then, i s an absolutely directed proof that the ion must be endowed with a 
kinetic energy of agitation, which is sufficient to put i t up to the surface 
of the drop against the electrostatic repulsion of-the charge on the drop". 
He further concluded from his data that the only way a droplet could lose 
or gain charge was to capture an ion of appropriate sign. I t is a f a i r 
inference from MILLIKAN'S measurements that the diffusion of ions onto 
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droplets i s a real and-continuous process, and that ions, once captured by 
a droplet, can never escape because.of the work they must do to overcome the. 
image forces. Calculations show that the image force is appreciable for.a 
distance of considerably less than one free path away from the surface of 
the droplet. Therefore, ion capture by a free surface is relatively i n -
sensitive to the character or dielectric constant of the drop, and image 
forces i n the surrounding a i r play a relatively minor role. The possibil-
i t y of • selective absorption due to quasi-crystalline double layers at the 
surface of the droplet i s specifically neglected i n this investigation. 
Attenpts have been made to formulate quantitatively the. charging of 
spherical droplets, and some measurements on droplets of.cloud size have 
been made,, Por exairple, ARNDT and KALIMNN (1925) have made measurements 
on droplets coinposed of paraffin o i l i n the presence of large nipbers of. 
ions of one sign. They found rather large charges on their.droplets and 
woijked out an approximate theory for the equilibrium values on the assumpt-
ion that only one type of ion was present. Much later, PRENKEL (1946) 
attenpted to work out a better approximation that considered the effects 
when both positive and negative ions were present. Unfortunately, he inp-
osed. boundary conditions of .doubtful r e a l i t y , and his results have limited 
applicability. 
5.3 GUNN 1947-1955 
The electromechanics of droplet electrification were investigated. He 
shows that the atmospheric ions formed by cosmic rays or other means normally 
diffuse onto cloud droplets and electrify themo Two basic types of droplet 
ele c t r i f i c a t i o n by ionic diffusion are recognized. 
Systerrjatic electrification processes transfer free charges of one sign 
to most of the droplets. This occurs whenever the product of ionic density 
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and mobility of one type of ion notably exceeds that of the other. Super-
imposed upon this kind of electrification i s s t a t i s t i c a l or random electrif-
ication. In this case, charge are.transferred to droplets by diffusion and 
build up positive charges on some.of the droplets and negative charges on 
others. 
The systematic equilibrium-free charge (j)^ placed on a droplet by ionic 
diffusion is given by 
*o - - d + P(aVe/2Tr KT u)^^^] ^(aKT/e In (^T^3 
where P i s a dimensionless factor approximating unity, K the Boltzmann con-
stant ^  T.the absolute temperature, e the electronic charge, a the drop 
radius, V i t s velocity with respect to i t s environment, and and A_ are 
the positive and negative light-ion conductivities of the environment o The 
effective mobility u of the ions i n the' diffusing layer' outside the drop is 
given by 
u = (n^u^ + n_u_) / (n^ + n_) (5.1) 
whbre and n_ are positive and negative ionic densities, and u.^ and-u_ 
the positive and negative mobilities, respectively. 
The distribution of the . droplets i s a Gaussian function of the charge 
and is given by 
P.e ( -rx-(aKT>e2) i n (\/x )^2') 
P = X exp) = > (5.2) 
^ (27raKr)^ ) 2(&Kr/e2) ( 
where P^  i s the number of droplets carrying x elementary charges, and P^  is 
the total-number of droplets. This basic equation is plotted i n P?.g.5.1 . 
He found- that the mean charge on cloud droplets. irrespective of sign, is 
given by 
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i--i.--[^V' (.5.3) 
The value of the expression i s plotted-in (Pig.5.2) and is marked "ionic". 
Recent measurements of-the charges on some 250 laboratory-produced cloud 
droplets are displayed .in (Pig.5.3). The free electrical charge on precip-
i t a t i o n elements and the tenperature., respectively, as functions of height 
are shown i n (Pig,5..4). The measurements were made in the steady rain of 
a Weak occluded front of the cold type. Only the larger drops, precipitat-
ion elements, and larger charges were measured. The number of drops carry-
ing charges larger than 0.1 e^s.u. was relatively.small. GUNN reports that 
the electrical f i e l d during these measurements did not exceed 2500 V m""^. 
The vertical distribution of . charges is much the same as that of the thunder-
storm, and i n agreement with the distribution to be expected from a consid-
eration of.the. proposed cloud-electrification hypothesis. 
5.4 SARTOR 1954 
A laboratory, experiment is described i n which liquid drops are formed 
i n a viscous medium to simulate cloud droplets i n a i r by equating the 
Reynolde number for the experiment to that of the atmospheric case. Certain 
characteristics of the behaviour of^drops of various liquids i n different 
viscous media are described. Collision efficiencies and droplet, trajector-
ies differing markedly from previous theoretical - calculations .'are presented 
for a limited number of drop sizes. The coalescence of water drops f a l l i n g 
through mineral o i l , and of water drops suspended i n a i r , is found-to depend 
on the strength of an applied electrical f i e l d , • 
With the aid of. Pig.5»5 , the drops i n Pig,5-5a , under the influenc-
es of the external f i e l d , are polarized and have a potential difference E^ c 
relative to each other. The drops are considered to be sufficiently close 
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together so that "I = r i = r2, Zero potential is taken half-way between the 
centres of the drops. When the distance separating the near.surfaces of the 
drops becomes very sKiall, the f i e l d between the drops exceeds the c r i t i c a l 
value for break-down, and electrons leave the surface of Di and collect on 
D2. Charge w i l l flow u n t i l the potential of the drops due to this charge 
produces a f i e l d which i s equal i n magnitude, but opposite i n direction, to 
that produced by the induced charges. The difference of the potential is 
(- E^ c/2 + q/rz) - (E^c/2 - q/ri) = 0, 
or 
-E^ c2 = -4q when r i = r2 = c/2. 
Now i f the drops are separated ag^in, the lower drop leaves with a net 
positive charge of -E^c2/4 = -E^ r i ^ , and the large drop retains a negative 
charge of E^  0^ /4 = E^  V'^. I f the drops .do not approach on a line parallel 
to the f i e l d , the potential i s reduced by a factor of cose, where e is the 
angle between the external f i e l d and the line connecting the centres. 
The asymmetry of the.relative trajectories of two cloud droplets of 
slightly different sizes is such that a transfer of charge i n the opposite 
direction w i l l not occur, i n general, when the smaller drop reaches a pos-
i t i o n above the centre of the larger drop. Thus, the smaller droplet w i l l 
receive and retain a positive charge when two freely f a l l i n g droplets c o l l -
ide under the influence of a negative electrostatic f i e l d . This w i l l be 
the case, with very few exceptions, i n the atmosphere. In general, then, 
one should, find both positively and negatively charged droplets i n any 
region of a cloud, but with a tendency for the larger drops to be negatively 
charged. Because of the difference i n f a l l i n g velocities, positively 
charged droplets should be more numerous near the top of a cloud, while 
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negatively charged droplets should predominate i n the lower portions.• This 
foroed separation of charge areas enhances the atmospheric f i e l d and 
accelerates the charge mechanism. I t should be pointed out, however, that 
two equally large drops can f a l l to the ground, one immediately after the 
other, and possess opposite charges of eqjual magnitude; i t is possible that 
the same two drops, just shortly before, could have been close enough to 
have become selectively charged. 
A large drop w i l l not break up into two equal portions, but into one 
or.two large drops and a number of smaller drops. Just prior to and imm-
ediately after actual separation, the more massive portions.of a breaking 
drop generally w i l l be below the smaller portions. Since the separation is 
mechanical, and therefore conparatively slow, charge transfer w i l l take 
place immediately after the.separation is acconplished. In this instance, 
due to the .negative f i e l d of the cloud, the larger drops w i l l acquire a 
positive charge. 
,5.5 WEBB and GUNN 1954 
Sanples of more than 35 natural clouds were passed thrpugh a special 
centrifuge and an ion f i l t e r i n such a way that the free electricity on the 
droplets and on the a i r could be measured separately. The net charge on 
typical cloud- droplets i s less than one ion per droplet. This shows either 
that cloud droplets are not appreciably charged or that both positive and 
negative droplets are present and the distribution is much as to make the 
net charge very small. The measurements show that the capture of ions of 
a preferred sign by cloud.droplets i s not important. 
5.6 BLANCHARD 1955 
BLANCHARD's results were obtained for droplets of sea water, newly 
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formed: from bursting bubbles at an air-sea-water interface. Early i n his 
study of breaking bubbles (1953) he found that the droplets produced by a 
vertical j e t were.electrically charged. Curve A of - Pig.5.6 is for drop-
lets from bubbles which were allowed to break i n the presence of an electric 
f i e l d . In .this manner a l l the droplets originating via the jiet mechanism 
obtainedj by electrostatic induction, a charge of sign opposite to that of 
the .electrode potential. For a given droplet radius, this charge was sub-
stantially the same i n the range of . fields from 5 « 10^ to 3 10"* V m"^ . 
Curves B, C and D are for the natural charge on the droplets. In .these 
cases the bubbles were allowed to produce droplets before the balancing . 
electric field.was applied. I t w i l l be noted that the results, unlike those 
for the. induced charges, tend to f a l l into three separate grouping. The 
f i r s t , for droplets less than 3 m radius, indicates an increase of charge 
nearly proportional to the f i f t h power of the radius. The second, for drop-
lets between 3 and 6 pm in radius, shows approximately a second-power relat-
ionship. The th i r d grouping for droplets.greater than 6 urn radius, is 
similar to the second. The maximum charge per-unit volume is.obtained-by 
droplets of about 3 vim radius. At this radius the quantity of charge i s 
nearly identical.with that obtained v*ien the bubbles break'in the presence 
of an electric f i e l d . He found that the.charge on.all the drops i s positive. 
5,7 TWQMEY 1956 
Measurements made on a mountain summit showed that a high proportion 
of cloud elements sanpled carried appreciable electric charges. Drops i n 
l i q u i d water clouds were consistently positively charged, negative or mixed 
charges occuring i n clouds containing the ice phase. The magnitudes of the 
positive charges were clearly correlated with diameter ti'ig.5.7 and 5.8 ,• 
ranging from around 10"'' e.s.u. for droplets 10 pm in-diameter to above 
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10'^ e.s.Uc for 100 ym droplets. The negative charges were of a similar 
order of magnitude but were not clearly correlated with droplet diameter 
.Pig.5o9 . 
The charges measured should be sufficient to reduce.significantly the 
coalescence rate i n the.case of cloud elements of the same polarity or to 
increase i t i n the case of encounters between elements of opposite polarity. 
Hence it.seems probably that electric charges play an inportant part i n the 
physics of rain forrnation. I t i s suggested that positive charges were . 
accumulated by diffusion of ions into the dropletsc I t seems necessary to 
postulate that positive ions are preferentially absorbed, possibly as a 
result of the arrangement of molecules i n the liquid surface layer. The 
production-of negatively charged cloud elements is attributed to a process 
of the kind, described by LUEDER (1951), i n which the collection of super-
cooled water resulted i n the collecting body acquiring a negative charge. 
5.8- PHILLIPS and KINZER 1957 
The size and the . free electric charge of more, than 6000 individual 
natural cloud droplets were measured. The measurements were made at a mount-
ain laboratory i n the S.E, United States i n stratocumulus clouds and i n 
thunderstorm-associated clouds, Stratocumulus cloud with fair-weather • 
electric fields were found to have approximately Gaussian charge-distribut-
ions symmetrical about zero charge. The magnitude and distribution of 
charges observed on these non-stomy clouds approach values described recent-
ly , by R- GUNN (1955) i n his theory of aerosol electrification by the diffus-
ion of -environmental li g h t ions. Thundercloud droplets were highly electr-
i f i e d and within given cloud volumes the droplets were charged entirely 
positive, entirely negative, or fractionally positive and negative. 
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5.9 AT,T.KF, and PHILLIPS 1958 
Pour different clouds were investigated during the winter season of 
1957-58. Por each cloud, the average droplet radius, a, was calculated by 
- 1 ^ 
^ = n ih " i V 
where n i s the to t a l number of drops i n the distribution, n^ is the total 
number of cloud droplets i n the i t h interval with the radius a^, and h is 
the number of cloud droplet radius intervals. This average radius was sub-
stituted for the effective radius i n the equation (5,2) developed by GUM 
(1955) . ^ 
^x 
A percentage plot of versus x from equation (5 = 2) gives the theoretical 
^ t 
equilibrium distribution of charge on a cloud droplet aerosol. 
The average observed magnitude of charge per droplet, q is calculated 
from the.distribution data by the relationship 
5 = ^  i l l n. |q. I , (S.t) 
where n i s the t o t a l number of droplets i n the distribution, n^ is the total 
number of cloud droplets i n the i t h interval with the charge magnitude Iq^^l, 
and h i s the number of cloud-droplet-charge intervals. Prom equation (5.2) 
the average magnitude of the theoretical charge, is 
A comparison of the average values obtained from equations (5.4) and (5.5) 
where again the effective droplet radius a i s defined by equation (5,2) 
becomes an' excellent measure-of how nearly the theoretical equilibrium charge 
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distribution is approximated by the charge distributions within natural 
clouds. 
Pig,5.10 i s a summary of the droplet charge versus droplet radius from 
sources.as noted. 
5,10 SHISHKIN 1963 • 
He suggested a charging mechanism for coalescence.rain based on 
PRENKEL's (1944) ideas. He assumed a constant potential for a l l cloud drop-
lets of -lO""* e.s.u, and calculated the resulting charge after coalescence. 
He also calculated the,electric f i e l d inside the cloud by assuming a constant 
supply of small charged droplets. For a rain current of 10 mm per hr the 
electric f i e l d reaches breakdown conditions inside the cloud. SHISHKIN 
states that this model gives thunerstorm conditions. Unexplained, however 
are his assunptions for the charging of small droplets, the influence of the 
opposite polarity of charges that must stay somewhere i n the cloud, and the 
influence of conduction and corona currents i n such very high fields. 
5.11. AZAD and LATHAM 1969 
They studied the electrohydrodynamics of a process which may be respons-
ible for the electrification of warm clouds. I f two charged drops are sep-
arated i n an electric f i e l d of strength E the mutual interaction of the polar-
ization and applied charged on the drops results i n a f i e l d i n their near 
surfaces which is different from and generally greater than that i n the.sur-
face of an isolated-drop. The value of E required to effect disintegration 
w i l l therefore decrease rapidly as the separation of the drops is reduced. 
TAYLOR'S spheroidal assunption and DAVIS's (1964) calculations of the enhanad-
ment of the f i e l d between a pair of spherical conductors have been enployed 
i n calculations of the f i e l d required to disintegrate one of a pair of drops 
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of r a d i i Ri and R2 carrying charges Qi. and Q2, whose line of centres is i n -
clined at an angle (|) vfith the vertical electric f i e l d . The polar and equa-
t o r i a l equilibri-um conditions provided a quartic equation which could be 
solved numerically to find critica^l values of E. (R2/T) for various values 
of r a d i i , charges and'drop separation. The predicated values of E (R2/T)'^ 
required to effect disintegration agreed well with experimental values 
determined from photographs by SARTOR and ABBOTT (1968) showing the separ-
ation at which a liquid bridge was formed between the near surfaces of a 
pair of charged drops f a l l i n g i n an electric f i e l d . Additional support for 
the accuracy of the coirputed disintegration c r i t e r i a was provided by 
measurements made with pairs of drops suspended from mechanical supports. 
Theory and experiment agreed quite closely over a wide range of values of-
Ri» ^2* Qi, Q2, * and drop separation, 
5-,12 LATHAM and SMITH I969 
An instrument has been devised which w i l l measure continuously the 
charge and dimensions of. individual ice crystals or water droplets within 
clouds at ground level. I f .its collection efficiency for cloud particles 
were established i t could then also be used to determine particle-size dis-
tributions and volume charge densities inside clouds, 
A collimated beam of particles passes through a transverse elect.ric 
f i e l d before inpinging on a moving belt of 35-mm f i l m coated with Formvar 
which has been softened immediately prior to exposure to the beam. Each 
particle is deflected by an amount proportional to i t s charge-to^mass ratio. 
The dimensions, type and charge of each collected particle can therefore be 
determined by subsequent analysis of the.replicas using a stop-motion pro-
jector a l l i e d to a data recording system. I f required, the. dimensions of 
selected particles can be determined more precisely using an electron 
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scanning microscope. The minimum detectable charge on a droplet of radius 
r cm and tenninal velocity V cm s'^  i s given approximately by 
5 X 10"2 r3 e;s,u. 
5,13. COLGATE and ROMERO 1970 
Cloud drop charge and size have been measured with tethered balloon-
borne equipment i n the.lower few hundred meters and at an early stage of.a 
forming thunderstorm by photographing the droplets i n a combined sound wave 
and electrostatic f i e l d . The drop size distribution shows a peak at 7 to 
8 yni i n diameter, and the charge distribution at each of several drop sizes 
shows.an average negative charge of -l8.x lO"® e,s.u., and a mean absolute 
charge <|q|> = K^r^, vJiere = 1,72 x lO"* eoS.u, m"^ . At an observed 
average of . 2 x 10^ . to 3 x 10^  drops m"^ , this corresponds to a space charge 
concentration of about -50 e.s.u, m"^  or 10^ ^ elementary charges m'^  Pig. 
5,11 , 
- lOO 
Diameler in lO m 
Pig.5.11 The negative of the mean of the absolute charge (solid circles) 
as a function of radius. The error bars centered on the dots 
are only an approximation to tho error. The ordinate is neg-. 
ative to show the average charge (open circles). In addition, 
the negative of the median of the absolute charge i s shown by 
crosses. Tne solid curve is drawn such that < q > 
= 1.72 esu cm-2. ( After COLGATE and ROMERQT. .' 
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C H A P T E R 6 
A- LABORATORY EXPERIMENT 
6.1 The diffusion chamber 
The diagram shown i n Pig.6,1 illustrates the inportant features of• 
the chamber used,for producing nucleus-free a i r and subsequently studying 
specific types of nuclei. 
The lower cold plate.is maintained by the use of crushed ice with water 
i n a hollow box of brass of dimensions 0,2 m.x 0,2 m.x 0.2 m. The cold plate 
of the cloud chamber rests on the top of this box. Resting on the cold 
plate is a perspex.box of dimensions 0.2 m x o,2 m x 0,1 m. The chamber has 
two windows suitably placed, at r i ^ t angles to each other, for viewing and 
lighting purposes. On top of this i s a f l a t plate of brass, warmed with a 
soldering iron 25-watt heater, i n contact with the under surface of the warm 
plate a small pad of f e l t soaked with water serves as source of vapour i n 
the. chamber. The diameter of this pad i s less than half of the diameter of 
the inside of the chamber; otherwise, a large amount of condensed water w i l l 
form-on the sides of the chamber and l i m i t - v i s i b i l i t y . 
Ordinary a i r containing nuclei was allowed to enter the chamber, through 
a glass tube 10 mm i n diameter, which is normally kept closed. The tenper-
ature gradient inside the chamber was measured by horizontal copper-constant-
an. thermo-couples, Three thermo-couples were enployed i n the chamber and 
were.attached to the top, middle and the bottom of the chamber. A l l the 
couples were constructed identically, having the same length .and thus the 
sane resistance. The conplete circuit of the thermo-couples is shown i n 
Fig.6..2 . 
A scalanp galvanometer was used to indicate the e,m-f. produced, and 
the resistance R was adjusted during the.calibration so that for tenperatures 
Glass tube 
Lower cold 
plate 
Bas« 
F-kit pad 
/ 
25-WaU soldering 
iron heater 
Chamber 
Mesh plate of 
electric field 
zzzzzzzzzzz 
-Insulated box 
Fig.6.1 Diffusion Chamber. 
Reference 
Junctions 
Scalamp 
galvanometer 
Diffusion chamber 
junctions V V 
Switch 
Fig.6.2 Thermo-Couple ci r c u i t . 
Temperature C ) 
Fig.6.3 Calibration curve of the thermo-couples. 
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between 40°C to 0°C a deflection of about Iram on the scalairp was equivalent 
to 1°C tenperature difference Fig,6.3 , this being the range over which the 
series of experiments was to be performed. The switch-.was used to select 
the individual thermo-couples in turn. 
The droplets were observed visually through a low-power binocular micro-
scope. The l i g h t source used for viewing is a high intensity type giving 
a parallel beam. The work must be done i n a darkened-room. 
An electric f i e l d was applied inside the chamber by two parallel plates 
of dimensions 20 mm x 20 mm; each plate was attached to a rod, covered with 
plastic insulating sleeving, which passed.through a hole i n the top plate 
of the chamber. The ci r c u i t for the electric f i e l d i s shown in Fig,6,4 . 
A d.c. power supply unit was used for a proper value of the voltage, and a 
series resistance of 1 Mfl protected the.system from excess current i n the 
event of an accidental short c i r c u i t . 
The chamber was well insulated with expanded polystyrene and fibreglass, 
to reduce the convection. A small box f i l l e d with water was put i n the 
l i g h t path to absorb the heat. 
6.2 Operation of the chamber 
The chamber was operated as follows:-
The f e l t pad was saturated with water and then heated by bringing a solder-
ing iron into contact with the top of the chamber u n t i l the chamber reached 
operating tenperature. While the vapour flow vi[as being established; the 
base was being cooled. Whilst the droplets were building up, the 
optical system was adjusted. The cloud of droplets formed just above the 
base of the chamber. 
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6.3 Measurement of charges 
In this experiment the droplets generated.in the chamber were.allowed 
to f a l l between a pair parallel plates where they subject to a t^rizontal 
electric f i e l d 30 and -BO KV m"^ . . The deflection of the droplet Pig,6,5 
i n a given time was measured directly be reading the microscope scale. 
Prom this deflection, the horizontal and vertical velocity conponents of. the 
droplet can be calculated, 
A photographic technique has been tried to calculate the charge on the 
droplet. The-aim was to photograph the droplet deflection in the f i e l d by 
f i t t i n g a camera to the eyepiece, of the microscope. Unfortunately i t was 
not possible to obtain satisfactory photographs of the droplets i n the 
chamber i n spite of using a high speed f i l m to match the particle speed and 
varying the illumination inside the chamber. 
+ 
Pig.6.5 The deflection of the di'oplet inside the f i e l d . 
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C H A P T E R 7 
THE OBSERVED CHARGES ON THE DROPLET 
7 . 1 Results and data analysis 
The most important characteristic of suspensions of.small particles i n 
ai r i s that they are. not i n equilibrium. The particles are continually d i f -
fusing to the surrounding walls, and colliding vdth each other and coalesc-
ing-. The motion of the particles i s restricted by the viscosity of the air. 
For spheres of radius a, f a l l i n g vdth velocity Vj, the viscouS' force i s 
given by Stockes's law, 
P = 6iT na Vj 
where n i s the viecosity of the medium. 
For steady f a l l , this force i s equal to the weight of the particle., 
i.Bo 6iT na Vi = "J^  IT a^  pg 
and (i'-i) 
where p i s the density of the particle (kgm"^), and g i s the acceleration 
due to gravity (ms"^). Hence taking for the viscosity of air 
n = l o 8 l X 1 0 " 5 kgm"^s"^, the radius of a sphere f a l l i n g steadily under 
gravity i s given by 
a = A v / 2 ( 7 . 1 ) 
where 
14 
lO"* ms 
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Similarly the motion of the droplet i n a horizontal electric f i e l d w i l l be 
given by 
qE = 6-n na V 2 
where q i s the charge of the droplet (C), and E i s the electric f i e l d (V m'M, 
V 2 i s the velocity of the droplet inside the f i e l d (ins*M» From the above 
equation we find that 
. V 2 
q = 6iT na ^ 
a V 2 
= B - g - (7.2) 
where 
B = 6Tni 
= 3^ «4 X lO'S kgm"is"i 
The charge of the droplet was calculated by using equations (7=1) and (7=2). 
The measurements were made with two values of the electric f i e l d , 300kV m'^  
and 60^]fiJ m"^ » In both cases the charge and the radius of the droplet were 
calculated. The average charges on the droplet i n both cases were about 5e 
which indicates that the charge on the droplet i s not affected by the f i e l d . 
The average charge found i n this experiment i s about the same as that 
reported by GUM (1955). The ra d i i of the droplets seen i n my experiment, 
regardless of their sign, were between 1 and 2 um. The percentage of larger 
droplets was small. Pig,7.1 summarizes the percentage of droplets seen as 
a function of their radius. Pig,7.2 gives the percentage of the droplets 
as a function of their charges. Again here.drops with charges exceeding lOe 
are rare. The distribution of charges among the droplets.is shown i n 
Pig.7.3. I t may indicate that the distribution i s a Gaussian as predicted 
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by GUNN ( 1 9 5 5 ) . The charge of the droplets as a function of their radius 
i s shown i n F i g o 7 . 4 , 
7.2 Suggesfioons for further -work 
The method used i n this work to deduce the charge on the droplets i s 
not very accurate as the charges could be estimated only to about ± 1 0 ? . The 
error i n measuring the charge on the'droplets was cuased by the d i f f i c u l t y 
of making instantaneous measurements of time and deflection. ' 
The photographic method i s an alternative which could be used to e s t i -
mate the charge on droplets with greater accuracy. Prom measuring the track 
length on the photograph and by knowing the exposure time of the camera, one 
could calculate the velocity of the droplet. To obtain good photographs the 
kind of f i l m , illumination inside the chamber and the magnification of the 
microscope must be carefully regulated. The exposure time i s detennined by 
the velocity of the droplets. The shutter speed must be such that the track 
length i s long enough to be measured accurately. The resolution of the film 
and the illumination must be such that small droplets can be- seen. 
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Pig.7.4 The charge on the droplets as a function of the.tr radius, 
Tlie error bars represents an error of 10^, 
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